, where inactivation rates accelerate sharply and progressively with proximity to the open state. Preferential closed-state inactivation redefines key aspects of the expected behavior of Summary neuronal calcium channels. These findings underscore the possibility that neuronal calcium channels could proWe have investigated the inactivation mechanism of duce broadly variable depression of Ca 2ϩ entry during neuronal N-, P/Q-, and R-type calcium channels. Al- However, except at certain specialized synapses, presynaptic calcium channels are inaccessible to direct Introduction study due to the small size and complex electrical properties of most synaptic terminals. We have therefore Although voltage-gated calcium channels clearly trigger studied recombinant calcium channels transfected into neurotransmitter release at presynaptic terminals (Dunmammalian HEK293 cells, enabling in-depth electrolap et al., 1995; Wu and Saggau, 1997) , a contribution physiological study. Furthermore, this system allows by these channels to short-term synaptic depression comparison among channels of differing functional type (Zucker, 1989) has seemed unlikely due to their slow and subunit composition, which, as we shall demoninactivation rate during rectangular step depolarizations strate, reveals important differences in their behavior (Gingrich and Byrne, 1985; Charlton and Augustine, during voltage-clamped AP trains. 1990; Borst et al., 1995). There is considerable interest As observed in neuronal preparations (Charlton and in mechanisms underlying such synaptic depression, Augustine, 1990; Borst et al., 1995), step depolarizations because the acute decline of synaptic responsiveness to 0 mV, the approximate point of maximal current entry, during a volley of action potentials (APs) is believed to evoke calcium currents that inactivate slowly over 20 underlie essential neurocomputational features of the ms ( Figure 1A ). By contrast, during an AP train of compacortex (Tsodyks and Markram, 1997; Abbott et al., 1997).
Introduction study due to the small size and complex electrical properties of most synaptic terminals. We have therefore Although voltage-gated calcium channels clearly trigger studied recombinant calcium channels transfected into neurotransmitter release at presynaptic terminals (Dunmammalian HEK293 cells, enabling in-depth electrolap et al., 1995; Wu and Saggau, 1997) , a contribution physiological study. Furthermore, this system allows by these channels to short-term synaptic depression comparison among channels of differing functional type (Zucker, 1989) has seemed unlikely due to their slow and subunit composition, which, as we shall demoninactivation rate during rectangular step depolarizations strate, reveals important differences in their behavior (Gingrich and Byrne, 1985; Charlton and Augustine, during voltage-clamped AP trains. 1990; Borst et al., 1995) . There is considerable interest As observed in neuronal preparations (Charlton and in mechanisms underlying such synaptic depression, Augustine, 1990; Borst et al., 1995) , step depolarizations because the acute decline of synaptic responsiveness to 0 mV, the approximate point of maximal current entry, during a volley of action potentials (APs) is believed to evoke calcium currents that inactivate slowly over 20 underlie essential neurocomputational features of the ms ( Figure 1A ). By contrast, during an AP train of compacortex (Tsodyks and Markram, 1997; Abbott et al., 1997) .
rable cumulative duration (20 ϫ 1 ms half-amplitude Here, we report that neuronal (N-, P/Q-, and R-type) duration), neuronal channels (N-, P/Q-, R-type) inacticalcium channel inactivation during voltage-clamped vate significantly more ( Figure 1B ). The AP train doubles AP trains is striking and markedly greater than predicted inactivation for P/Q-type (␣ 1A ␤ 3 ␣ 2b ) channels and infrom step depolarizations. In addition, the precise subcreases it even more strikingly for N-type (␣ 1B ␤ 3 ␣ 2b ) and unit composition of channels strongly modulates the putative R-type (␣ 1E␤3␣2b) channels ( Figure 1C ). In sharp extent of such inactivation during trains. The explanation contrast, cardiac L-type channels (␣ 1C␤3␣2b) inactivate for these results turns out to be unexpected for voltagemore slowly during the train than during the pulse. gated calcium channels: inactivation is not limited to the brief duration of AP waveforms but continues between spikes and occurs most rapidly during the process of Persistent Inactivation Following Action channel activation and deactivation. This behavior does Potential Repolarization not arise from current-dependent inactivation (Brehm Greater inactivation during the AP train raises the possiand Eckert, 1978) but results from a voltage-dependent bility that neuronal calcium channel inactivation continmechanism in which inactivation occurs most rapidly ues during the repolarization period following an AP and into the upstroke of the next AP. In fact, evidence of such an inactivation process can be obtained directly (C) Percent inactivation from peak current entry to the end of the square voltage pulse (SP) or from the spike eliciting maximal current to the last spike in the train (APT). For P/Q-, N-, and R-type channels, inactivation remains greater during the AP train than during the square pulse for steps Ͼ0 mV (data not shown). Tail currents following square pulses are clipped for display clarity.
from a two-pulse (prepulse/test-pulse) protocol moniAs interpulse voltage is increased, the amount of additional inactivation during repolarization grows subtoring N-type channel (␣1B␤3␣2b) recovery from inactivation ( Figure 2A ). Peak test-pulse current continues to stantially (closed circles). This is a selective effect of interpulse voltage upon ongoing inactivation, for two decline with interpulse duration long after prepulse currents have deactivated ( Figure 2B ), clearly demonstratreasons. First, the effect of interpulse voltage cannot be mediated by significant changes in recovery from ing that substantial inactivation develops during the repolarization period. The time to recover the current inactivation, because characteristic recovery times far exceed the 20 ms interpulse duration. Second, moderate following this initial decline measures the period over which channels could be expected to remain inactivated depolarization during the interpulse does not, by itself, induce new-onset inactivation, because there is minimal following an AP train. At strongly hyperpolarized potentials, recovery is relatively rapid (at Ϫ100 mV, t 1/2 ϭ 287 Ϯ channel inactivation when we omit the prepulse from the protocol (open circles). Hence, interpulse voltage 30 ms, n ϭ 6). By contrast, closer to presynaptic resting potentials, recovery slows substantially (at Ϫ80 mV, acts to modulate ongoing inactivation that requires a prepulse for its initiation. t1/2 ϭ 2.3 Ϯ 0.4 s, n ϭ 4), approximating the duration of some forms of short-term depression (Zucker, 1989; Abbott et al., 1997; Tsodyks and Markram, 1997) . Consistent with this slow recovery rate, inactivation during Preferential Inactivation of Neuronal Calcium Channels from Intermediate AP trains does not change as spike frequency drops from 100 to 20 Hz (28% Ϯ 6% versus 30% Ϯ 3% over
Closed Conformations
In traditional models of voltage-dependent channel infive APs, n ϭ 3).
Further evidence supporting the existence of continuactivation (Armstrong and Bezanilla, 1977; Bean, 1981; Zagotta and Aldrich, 1990; Boland and Bean, 1993 ; Kuo ing inactivation during the repolarization period comes from its dependence on interpulse voltage ( Figure 2C ).
and Bean, 1994), inactivation rates accelerate steeply and progressively with proximity to the open state (Figure 3A, top) . Such models do not explain further inactivation during repolarization. Instead, they predict everincreasing recovery. By contrast, our results suggest an alternative form of coupled, voltage-dependent inactivation, in which channels inactivate most rapidly from conformational states at intermediate positions along the activation pathway ( Figure 3A , bottom). Hence, as channels pass through intermediate states, either while deactivating during the interpulse or while activating during the test pulse, an additional fraction of them inactivate, leading to a dip in the recovery curve ( Figure 2A ). In addition, depolarized interpulse voltages slow the rate of channel deactivation, allowing more time for channels to fall into inactivated states ( Figure 2C ). Beyond explaining these data, preferential closedstate inactivation makes two unusual predictions, both of which are confirmed (Figure 3 , shown for N-type channels, ␣ 1B ␤ 3 ␣ 2b ). First, because inactivation occurs from intermediate states, the model predicts that channels will inactivate at potentials lower than those at which they open, producing a sharp separation between steady-state inactivation and voltage-dependent activation curves. Experimental validation ( Figure 3B ) of this initial prediction argues that channels inactivate substantially from closed states. Tests of a second prediction provide explicit support for preferential inactivation from intermediate closed states. In this scenario, fully activated channels are slower to inactivate than those in intermediate states. Consequently, this inactivation model predicts a U-shaped relationship between the voltage of a brief prepulse and test-pulse inactivation ( Figure 3C ). In contrast to our results, traditional models of voltage-dependent inactivation predict a large overlap of activation and inactivation curves in the first case and a monotonic decline with prepulse voltage in the second.
U-shaped inactivation ( Figure 3C ) is also a prediction of calcium-sensitive inactivation (Brehm and Eckert, 1978) , as is well established in L-type channels (de Leon et al., 1995) . However, a distinguishing feature of such inactivation is its exquisite selectivity for calcium over barium (Brehm and Eckert, 1978; de Leon et al., 1995) . When we tested for this, by replacing 2 mM Ca 2ϩ with 5 mM Ba 2ϩ as charge carrier, we observed little change in inactivation of N-type channels ( Figure 3C , bottom). Similar cation replacement eliminates U-shaped inactivation in L-type channels (de Leon et al., 1995) . In addition, we observed no change in inactivation with low circles) is reported as the ratio of peak test-pulse current obtained (B) Expanded timebase comparison of inactivation and ionic current without a prepulse to peak prepulse current in the previous sweep. deactivation after the prepulse. Tail current following the prepulse Tail currents are clipped for display clarity. (0.1 mM EGTA) or high (10 mM BAPTA) intracellular Ca 2ϩ include the ␤ 2a auxiliary subunit (de Leon et al., 1995) , which renders preferential closed-state inactivation undebuffering ( Figure 3C , bottom). This result contrasts with the marked sensitivity of traditional, calcium-sensitive tectable in neuronal channels (shown below, Figure 4A ). Hence, preferential closed-state inactivation is clearly inactivation to intracellular chelators of Ca 2ϩ (Bechem and Pott, 1985) . Another distinctive feature of calciumdistinct from the classic, current-dependent inactivation of L-type channels. sensitive inactivation is the lack of gating charge immobilization in the face of growing inactivation (Shirokov et al., 1993) . By contrast, preliminary experiments from Subunit-Specific Tuning of Preferential Closed-State Inactivation and Its Interaction our lab indicate that the extent of neuronal calcium channel inactivation bears a one-to-one correspondence with G Protein Modulation Differences in inactivation among calcium channels with with gating charge immobilization (Jones et al., 1997, Soc . Neurosci., abstract). Finally, calcium-sensitive indifferent pore-forming ␣ 1 subunits (Figure 1 ) raise the possibility that regulation of the molecular composition activation of L-type channels persists when channels of the calcium channel pool may provide a physiological mechanism for functional adaptation and plasticity. Another strategy for tuning physiological responses might arise from diversity in the ␤ subunit, which is known to modulate inactivation during step depolarizations (Perez-Reyes and Schneider, 1994) . Although the results so far (Figures 1-3 ) are with ␤ 3 , a major neuronal isoform (Perez-Reyes and Schneider, 1994; Liu et al., 1996) , all four classes of ␤ subunit can be present in neuronal calcium channels (Liu et al., 1996) . Measurement of preferential closed-state inactivation in N-type channels with different ␤ subunits ( Figure 4A , left) reveals a marked ␤ subunit effect, with inactivation for ␤3 Ͼ ␤1b ≈ ␤4 ␤2a. The results are similar for P/Q-and R-type channels. ␤ subunit control of inactivation could have a large physiological impact, as demonstrated by channel responses to 50 Hz AP trains ( Figure 4A , right). While channels with ␤ 2a present a uniform calcium entry profile, channels with ␤ 3 show sharp attenuation of current, consistent with the relative absence or presence of preferential closed-state inactivation.
Regulation of ␤ subunit expression may also enable functional tuning by affecting the interaction of inactivation with G protein inhibition of calcium channels, another mechanism that may influence short-term synaptic plasticity (Elmslie et al., 1990; Takahashi et al., 1996) . G protein inhibition is a dominant mechanism of presynaptic inhibition (Wu and Saggau, 1997) and may be partially relieved during high frequency bursts of APs (Brody et al., 1997) . We therefore compared the responses of slow-inactivating (␣ 1A ␤ 2a ␣ 2b ) and fast-inactivating (␣ 1A ␤ 3 ␣ 2b ) P/Q-type channels during muscarinic receptor-mediated G protein inhibition ( Figure 4B ). Under control conditions during a 100 Hz train ( Figure 4B , top), P/Q-type channels present a uniform or attenuating profile, as determined by the ␤ subunit. With G protein inhibition, slow-inactivating channels show progressive relief of inhibition during the train ( Figure 4B , bottom left). By contrast, fast-inactivating channels present a biphasic response ( Figure 4B , bottom right). Similar initial potentiation of calcium entry ( Figure 4C , left) is over- (Carabelli et al., 1996; Patil et al., 1996) , these channels without (␣ 1B ␤ 2a ␣ 2b ) and with (␣ 1B ␤ 3 ␣ 2b ) preferential closedchannels are more likely to fall into inactivated states. logical AP trains than expected from inactivation during square-pulse voltage steps. We argue that the enhanced inactivation during AP trains arises from a gating mechanism with preferential closed-state inactivation, in which Figure  3A . Table 1 and Experimental Procedures elaborate details of the simulations in (B) through (E).
(B) Tail activation curve following a 10 ms test pulse, as in Figure 3B . Smooth curve, theoretical results. Symbols, mean data from Figure 3B . (C and D) Inactivation-rate profiles (C) and predicted prepulse inactivation curves (D) for traditional coupled inactivation. Protocol as in Figure 3C . Note the monotonic decline of predicted curves (D). Symbols in (C) are inactivation-rate constants from various states in the activation pathway. Labeling and line styles are consistent between (C) and (D).
(E and F) Inactivation-rate profiles (E) and predicted prepulse inactivation curves (F) for preferential closed-state inactivation. Note the U-shape of predicted curves (F). Format is consistent with (C) and (D).
(G and H) Inactivation-rate profiles (G) and predicted prepulse inactivation curves (H) for preferential closed-state inactivation with maximum inactivation from C 3. As inactivation rates from C 4 and O5 increase from 0% to 20% of the maximal rate from C 3 (G), there is steady decline of the plateau of predicted prepulse inactivation curves (H) at positive voltages. Symbols in (H) are means of experimental data from Figure 3B , obtained with 2 mM external Ca 2ϩ and 10 mM intracellular EGTA. The format is otherwise consistent with (C) and (D).
inactivation proceeds most rapidly from intermediate all of the major characteristics of the results. Such quantitative analysis lends additional support to our proclosed conformations along the activation pathway. The properties of preferential closed-state inactivation are posed view of neuronal calcium channel inactivation. Figure 5A presents a general coupled inactivation profoundly modulated by the precise molecular composition of calcium channels. This result raises the possibilmechanism (modified from Kuo and Bean, 1994) , which permits direct comparison of traditional versus preferity that selective targeting and expression of calcium channel subunits at presynaptic terminals could contribential closed-state inactivation. For simplicity, the number of states is the minimum required to investigate ute a tunable form of short-term depression, which would permit optimization of coding strategy (Tsodyks general behavior of various forms of coupled inactivation. In traditional coupled inactivation, inactivation-rate and Markram, 1997) Analysis of specific examples of the general mechanism demonstrates that the U-shaped prepulse inactivatraditional coupled inactivation and calcium-sensitive inactivation. Here, we use kinetic simulations to clarify tion curve alone ( Figure 3C , bottom) places a strong set of initial quantitative constraints on the relative rates of further the features of preferential closed-state inactivation that are required to predict the observed data quaninactivation from various states. To explore the effects of different inactivation-rate profiles ( Figures 5C, 5E , titatively. We then demonstrate that a full model of preferential closed-state inactivation explicitly accounts for and 5G), we first adjusted parameters in the activation the maximum closed-state rate (k38) result in substantial tures of the data, including the dip in the recovery from inactivation curve ( Figure 6B ), the sharp separation between steady-state inactivation and voltage-dependent pathway (Table 1) to accord with the actual voltageactivation curves ( Figure 6C ), and a marked U-shaped dependent activation curve ( Figure 5B ). Then, inacrelationship between the voltage of a brief prepulse and tivation rates were varied while holding constant the test-pulse current ( Figure 6D ). Most importantly, the parameters in the activation pathway. Figure 5C ), prethat models of a class characterized by preferential pulse inactivation curves invariably decline monotoniclosed-state inactivation can predict the overall quantically with depolarization ( Figure 5D ). Increasing the tative features of the data. number of states from which substantial inactivation occurs (from case 3 to case 1) shifts the midpoint of prepulse inactivation toward more negative voltages Role of Calcium Channel Inactivation in Short-Term Synaptic Depression ( Figure 5D ). This form of inactivation is irreconcilable with the data.
The molecular basis of short-term synaptic depression remains uncertain, though probable mechanisms inBy contrast, U-shaped prepulse inactivation curves readily emerge when the profile of inactivation rates clude presynaptic vesicle depletion (Rosenmund and Stevens, 1996) , autoreceptor inhibition (Takahashi et al., exhibit a maximum at intermediate closed states ( Figure  5E ). Shifting the state with the fastest inactivation from 1996), and postsynaptic receptor desensitization (Tong et al., 1995) . A contribution of calcium channel inactiva-C 2 (case 1) toward C 4 (case 4) moves the minimum of the prepulse inactivation curve rightward along the voltage tion to short-term synaptic depression has seemed unlikely, based initially on results from invertebrate synaxis ( Figure 5F ). When the largest inactivation rates emanate from conformations too near the open state ( Figure  apses , where concurrent measurements of presynaptic calcium currents and postsynaptic responses were first 5E, case 4), recovery of the prepulse inactivation curve is blunted at positive voltages, because the rightmost pioneered. In squid giant synapses, calcium currents do not detectably inactivate during voltage steps lasting states now offer incomplete "protection" from inactivation. To accord with the experimentally observed ‫01ف‬ ms (Llinas et al., 1981; Charlton and Augustine, 1990) or during trains of spike-like, rectangular depolar-U-shaped inactivation with a minimum near Ϫ10 mV ( Figure 3C ), the fastest inactivation must occur from an izations that produce substantial synaptic depression (Charlton et al., 1982) . Experiments like these lead to intermediate closed state (C 3 ) in the activation pathway ( Figure 5E ). This outcome of the analysis is also supthe conclusion that calcium channel inactivation plays little role in short-term depression in the squid synapse ported by preliminary experimental results from our lab that gating charge movement, which reports channel (Johnston and Wu, 1995) . In preparations other than squid, some calcium chanposition along the activation pathway, is only ‫%04ف‬ complete at voltages where inactivation is most rapid nel inactivation has been directly observed during longer voltage steps. However, the rate of inactivation has been (Jones et al., 1997, Soc. Neurosci., abstract) .
Further simulations indicate that the marked upturn relatively slow ( ‫0001-001ف‬ ms), and the expectation has been that channel inactivation during physiological of observed prepulse inactivation curves at positive voltages requires that inactivation rates must peak quite spike depolarization would be negligible. For example, in Aplysia neurons, trains of long voltage pulses (each sharply around state C3. Figure 5G displays a family of profiles in which inactivation rates from C 4 and O 5 are pulse lasting 50 ms) produce synaptic depression that correlates with calcium current inactivation (Klein et al., progressively increased from 0% to 20% of the fastest inactivation rate, k 38 . Figure 5H displays the resulting 1980). However, quantitative calculations, based on traditional models of channel inactivation, predict insignifiprepulse inactivation curves, along with actual data (symbols) replotted from Figure 3C . The analysis shows cant calcium current inactivation during briefer, physiological pulse durations (e.g., Gingrich and Byrne, 1985) . that open-state inactivation rates as small as 10% of Figure 3B . (D) U-shaped inactivation following a 50 ms prepulse to various voltages, as detailed in Figure 3C . Data were obtained with 2 mM external Ca 2ϩ and 10 mM intracellular EGTA. (E) Simulated currents elicited by squarepulse depolarization (left) or by an AP train (right). The holding potential is Ϫ80 mV throughout. The step depolarization (to 0 mV) lasts 20 ms. The AP waveforms, identical to those in Figure 1B , are delivered at 50 Hz. Throughout, smooth curves are simulated output, and symbols are mean data reproduced from previous figures.
Given a measured time constant of 0.44 s for inactivation in the profound, short-term synaptic depression characteristic of this synapse. Despite slow inactivation during during long voltage steps in Aplysia neurons, the inactivation from one 3 ms pulse to the next would be exstep depolarization, recent reports suggest that a substantial component of synaptic depression correlates pected to be on the order of only 1 Ϫ exp(Ϫ0.003/0.44) ϭ 0.0067 (Gingrich and Byrne, 1985) . This calculation well with channel inactivation during AP trains (Borst et al., 1997, Soc. Gen. Physiol., abstract; Tsujimoto et al., would be an upper limit for expected inactivation, because it neglects any recovery from inactivation be-1997, Soc. Neurosci., abstract). While investigating the underlying mechanism, Tsujimoto et al. (1997, Soc . Neutween pulses, and recovery from inactivation would commence immediately upon repolarization in a Hodgrosci., abstract) found that prepulse inactivation bears a U-shaped dependence on prepulse voltage (Tsujimoto kin-Huxley model of inactivation (Hodgkin and Huxley, 1952) and upon rapid channel deactivation in either calet al., 1997, Soc. Neurosci., abstract) . In addition, substitution of Ba 2ϩ for Ca 2ϩ as charge carrier did not eliminate cium inactivation or traditional coupled inactivation (Figure 3A , top) models.
inactivation (Borst et al., 1997, Soc. Gen. Physiol., abstract; Tsujimoto et al., 1997, Soc. Neurosci., abstract) . In synapses at the calyx of Held, one of the few mammalian preparations permitting simultaneous measureHence, in some regards, the properties of this inactivation are similar to those of preferential closed-state inacment of presynaptic calcium currents and postsynaptic responses, presynaptic calcium currents also inactivate tivation. However, there are differences. For example, inactivation was reduced (Tsujimoto et al., 1997 , Soc. slowly during voltage steps ( ‫002-001ف‬ ms) (Borst et al., 1995; Takahashi et al., 1996) , leading to the expectaNeurosci., abstract) or eliminated (Borst et al., 1997, Soc. Gen. Physiol., abstract) by intracellular dialysis with tion that channel inactivation would also play little role 
Transitions between states i and j are governed by the rate constant denoted as k ij . Rate constants for C ↔ O and C ↔ I transitions are voltage independent. All C ↔ C and I ↔ I (except I 9 ↔ I10) transition rates are voltage dependent and of the same form as in Table 1 . For voltage-independent transitions (in ms Ϫ1 ), k16 ϭ 0.0001, k61 ϭ 0.0056, k27 ϭ 0.0125, k72 ϭ 0.001, k38 ϭ 0.05, k83 ϭ 0.0005, k49 ϭ 0.003, k94 ϭ 0. 00003, k 50 ϭ 0.002, k05 ϭ 0.00002, k45 ϭ 1, k54 ϭ 1, k90 ϭ 1, and k09 ϭ 1. high concentrations of BAPTA. Overall, these results al., 1992) or elsewhere with the rat ␣1B clone (for ␣1B␤2a are difficult to reconcile with the prevailing theories of channels, Cens et al., 1997, Biophys. J., abstract). Furcalcium channel inactivation: U-shaped inactivation is thermore, recombinant expression studies have consisinconsistent with traditional coupled inactivation (Figure tently failed to detect calcium-sensitive inactivation with 3A, top, and Figure 5D ), and the persistence of inactiva-P/Q-type (for ␣ 1A , Cens et al., 1996) and R-type (for ␣ 1E , tion with Ba 2ϩ argues against conventional calcium-sende Leon et al., 1995) channels. sitive inactivation (de Leon et al., 1995) . Tsujimoto et al.
A subset of potassium channels (Neher and Lux, 1971; (1997, Soc. Neurosci., abstract) propose a novel form Clark et al., 1988; DeCoursey, 1990) demonstrates "cuof calcium-sensitive inactivation to explain their results.
mulative inactivation" (Aldrich, 1981) , which resembles Further evidence consistent with a contribution of neuronal calcium channel inactivation in some regards. calcium channel inactivation to short-term depression Preferential inactivation from intermediate closed states comes from a study in mammalian CA1 hippocampal along the activation pathway has been proposed to exsynapses (Dobrunz et al., 1997) . Here, a single presynapplain the "cumulative inactivation" of these channels tic AP induces substantial depression at the majority (Aldrich, 1981; Klemic et al., 1998) . However, in contrast of individual synapses, even when there is a failure to to our results, tail current deactivation of these potasrelease neurotransmitter. Such depression is inconsissium channels is often very slow, lasting many millisectent with release-dependent mechanisms such as vesionds (Aldrich, 1981; DeCoursey, 1990 ) (versus Figure cle depletion, autoreceptor inhibition, and postsynaptic 2B). This behavior leaves open the alternative explanareceptor desensitization. Instead, Dobrunz et al. (1997) tion that cumulative inactivation arises from a traditional propose that such depression may result from rapid coupled inactivation mechanism ( Figure 3A , top), in inactivation of N-type channels.
which substantial open-channel inactivation continues The growing evidence that calcium channel inactivaduring the long-lasting tail current following a voltage tion may contribute to short-term synaptic depression step (DeCoursey, 1990) . Still another difference is that adds motivation for future experiments to determine cumulative inactivation of potassium channels can show whether preferential closed-state inactivation is operaappreciable sensitivity to intracellular Ca 2ϩ buffering tional at certain synapses. This report provides useful (Grissmer and Cahalan, 1989 ) (versus Figure 3C ). Addiground rules for the design and interpretation of such tional experiments will be required to clarify the potential studies. For example, U-shaped inactivation need not relationship between the cumulative inactivation of cerbe taken as conclusive evidence for calcium-sensitive tain potassium channels and the inactivation of neuronal inactivation, and the absence of calcium channel inacticalcium channels. vation at squid giant synapses (Johnston and Wu, 1995) Sodium channels in squid axons can show a modcould arise from predominance of a ␤ 2a -like auxiliary erately U-shaped inactivation relation (Chandler and subunit, as well as from a completely different ␣ 1 channel Meves, 1970a Meves, , 1970b . However, the mechanistic implitype.
cations for sodium channels are unclear. The persistent sodium currents that underlie U-shaped inactivation only become significant during internal perfusion of axInactivation in Other Voltage-Gated Channels ons with a fluoride-containing dialyzate (Chandler and Although preferential closed-state inactivation has not Meves, 1970a Meves, , 1970b . Because fluoride is a potent actibeen reported previously for calcium channels, features vator of G proteins (Blackmore et al., 1985) , and G proreminiscent of this mechanism have been observed in tein ␤␥ subunits induce sodium channels to adopt a native calcium channels and certain voltage-gated K ϩ poorly inactivating mode of gating (Ma et al., 1997) , the and Na ϩ channels. reported U-shaped inactivation of sodium channels may Somatic N-type calcium channels in neurons from reflect the aggregate behavior of two pools of sodium sympathetic (Jones and Marks, 1989) and dorsal-root channels (G protein bound and unbound) rather than ganglia (Kasai and Aosaki, 1988; Cox and Dunlap, 1994) the intrinsic inactivation properties of a conventional show U-shaped inactivation, though the implications for population of channels. Consistent with this interpreta-AP trains and the relation to preferential closed-state tion, sodium channels inactivate completely at positive inactivation have yet to be established. In sympathetic potentials in preparations that do not employ internal neurons, U-shaped inactivation is little affected by subdialysis with fluoride (Bean, 1981) . Such complete inactistituting Ba 2ϩ for Ca 2ϩ as charge carrier or by intracelluvation would exclude the possibility of a U-shaped inaclar Ca 2ϩ chelators (Jones and Marks, 1989) . These findtivation relation. ings argue against current-dependent inactivation and are consistent with preferential closed-state inactivation. In contrast, N-type channel inactivation in dorsal Conclusion root ganglia is sensitive to intracellular Ca 2ϩ chelators Preferential closed-state inactivation of neuronal cal- (Kasai and Aosaki, 1988; Cox and Dunlap, 1994) or intracium channels is an unusual form of voltage-dependent cellular photolysis of caged Ca 2ϩ (Morad et al., 1988) , inactivation with interesting physiological implications. consistent with current-dependent inactivation. It may Its onset and magnitude (Figure 1 ), lasting duration (Figbe that certain splice variants of ␣ 1B (N-type) channels ure 2A), molecular specificity (Figures 1 and 4A) , and possess calcium-sensitive inactivation, while others do rich interaction with G protein inhibition (Figure 4 ) all not. However, studies of recombinant N-type channels suggest an important and flexible capability for tuning have so far failed to detect calcium-sensitive inactivation, either here with the human ␣ 1B clone (Williams et calcium entry during AP trains.
Experimental Procedures 5 would hold. In accord with detailed biophysical studies of other voltage-gated channels (e.g., Armstrong and Bezanilla, 1977; Zagotta and Aldrich, 1990) , transitions leading to and from inactivated Expression of Recombinant Channels and Receptors Complementary DNAs encoding calcium channel ␣ 1A (rat rbA-I) ) are also proposed to be voltage independent. In Figure  5B , theoretical results (smooth curve) were calculated from simuet al., 1994) , ␣ 1B (human ␣ 1B-1 ) (Williams et al., 1992) , ␣ 1C (rabbit cardiac) (Wei et al., 1991) , ␣ 1E (rat rbE-II) (Soong et al., 1993) , rat ␤ lated tail currents, following a 10 ms test pulse in which the initial probability in state C 1 is set to unity. The simulation of activation subunits (␤1b, ␤2a, ␤3, and ␤4) (see Stea et al., 1994) , and rat ␣2b␦ (␣ 2b␦) (Tomlinson et al., 1993) , as well as the m2-muscarinic receptor was performed with zero-valued inactivation rates in Figure 5B . For simulations of the brief prepulse inactivation data ( Figures 5C-5H ), (Peralta et al., 1987) , were subcloned into cytomegaloviruspromoter (CMV-promoter) expression plasmids. HEK293 cells were we varied inactivation rates while holding constant the activation parameters from Figure 5B , without appreciable effect on the fit to transfected by calcium phosphate precipitation as described (Brody et al., 1997) . activation data. Returns from inactivation and transitions between inactivated states were ignored ( Figures 5C-5H ), because recovery from inactivation is negligible in the brief prepulse inactivation protoElectrophysiology col ( Figure 3C, top) . Furthermore, prepulse inactivation occurs priWhole-cell currents were recorded at room temperature, 2-3 days marily at voltages where steady-state inactivation is essentially following transfection, as described (Brody et al., 1997) . Bath solucomplete ( Figure 3B ), so that rate constants for recovery from inactition contained (in mM): 2 CaCl 2, 1 MgCl2, 150 TEA methanesulfonate vation can be ignored in comparison to those leading to inactivation. (MeSO 3), and 10 HEPES (pH 7.4, TEA-OH). Where noted in Figure The initial probability in state C 1 was set to unity at the beginning 3, 2 CaCl 2 and 150 TEA-MeSO 3 were replaced by 5 BaCl 2 and 146 of the prepulse. Theoretical curves (Figures 5C-5H) were calculated TEA-MeSO 3 . In Figure 4 , where noted, 50 M carbachol (saturating from simulated test-pulse currents, just as actual data were prodose) was included. Internal solution contained (in mM): 135 Cscessed. The specific values of voltage-independent inactivationMeSO 3, 5 CsCl, 10 EGTA, 1 MgCl2, 4 MgATP, 0.3 LiGTP, and 10 rate constants are specified in Figures 5C, 5E , and 5G. Each profile HEPES (pH 7.3, CsOH). For most experiments in Figure 1 and all in of inactivation rates has been chosen to produce similar maximum Figures 2 and 3, GTP was replaced by 2 mM GDP␤S to suppress levels of prepulse inactivation. basal G protein inhibition. Basal inhibition had no detectable effect
For simulations with the model in Figure 6A , we explicitly included on inactivation during AP trains. All voltages were corrected prior transitions among and returns from inactivated states. The assignto recording for a liquid junction potential of -11 mV. Currents were ment of transitions to voltage-dependent and voltage-independent filtered at 5 kHz for APs or 2 kHz for steps (4-pole Bessel) and groups is identical to that in Figure 5 , although the quantitative digitized at 25 or 10 kHz, respectively. Pipette series resistances values are different, as detailed in Table 2 . Microscopic reversibility were typically Ͻ1 M⍀ after 80% compensation. The voltage-clamp requires that transitions in the bottom row of inactivated states settling time constant was typically ‫03ف‬ s. Repetition intervals ( Figure 6A ) be voltage dependent, except for the I 9 ↔ I0 transition. were 60 s for the inactivation protocol in Figure 3B and 30 s elseIn Figures 5B-5D , theoretical curves were calculated from simulated where. The holding potential (V H) was Ϫ100 mV in Figures 2 and 3 ionic currents, using the same protocols and analysis as applied to and Ϫ80 mV in Figures 1 and 4 . Occasionally, in Figures 1 and 4 , experimental data. Initial probabilities were obtained by running V H was lowered to Ϫ100 mV. Changes in V H from Ϫ80 mV and simulations at the holding potential for 600 s. Ϫ100 mV increased current magnitude without affecting inactivation during AP trains. AP voltage templates were based upon recordings Acknowledgments at room temperature from the calyx of Held (Borst et al., 1995) , scaled uniformly to 1 ms half-amplitude duration. APs began at Ϫ80
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